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Although some existing electrostatic thrustors have sufficient durability for interplanetary flight, shortcomings of 

these thrustors would incur serious payload losses. It is shown that these shortcomings are especially severe with regard 
to programmed specific impulse, efficiency, power conversion requirements, and thrustor mass. The detailed status of 
electrostatic thrustor components is examined on the basis of performance in space missions. The electron-bombardment 
thrustor appears to be superior to other thrustors at present. 

With the thrustor mission-performance analysis as a background, research programmes are described for electron- 
bombardment thrustors and contact-ionization thrustors. The critical component in the electron-bombardment thrustor 
is the cathode, and recent data indicate that durable, low-power cathodes can be developed. The performance of the 
contact-ionization thrustor is severely limited by porous-tungsten technology. The requirements for sub-micron, close-spaced 
pores without in-flight-sintering appear formidable. Colloidal-particle thrustors are still in the research stage, but appear 
to have the best promise for high efficiency at low specific impulse, low mass, and programmed specific impulse 

I. INTRODUCTION 
IT is the purpose of this paper to show the present status 
of electrostatic thrustors as a component of electric 
propulsion systems, to describe in detail their major 
research and development problems, and to discuss their 
possible future performance. 

At present, the chemical rocket is man's only opera- 
tional primary propulsion system for spaceflight. 
Nuclear rockets and electric rockets consist only of paper 
schemes and preliminary experimental equipment. It 
is clear, however, that if the performance of these pro- 
pulsion systems lives up to expectations their use will 
make possible many space missions that are impractical 
with chemical rockets. 

Electric-propulsion systems can be divided into three 
major parts : the electric powerplant, the thrustor, and 
any power-conversion equipment between the two. The 
iequiieiiierii for electric-propuision systems with regard 
to weight and durability has been discussed recently.'I2 
Electric rockets can be competitive in payload fraction 
with nuclear rockets for Mars missions only if they 
achieve a specific mass of about 10 kg.kW.-l or less. 
To be competitive in trip time as well as payload fraction, 
the electric-propulsion system should be about 5 kg.kW.-l 
or less. 

Most, if not all, of electric-propulsion-system mass is 
usually assumed to reside in the electric powerplant. 
Analytical s t ~ d i e s ~ - ~  have resulted in estimates of power- 
plant masses in the range from 1 to 6 kg.kW.-l The only 
operational space electric powerplants, however, are 
solar cells and theremoelectric systems with specific 

masses from 50 to 100 kg.kW.-l-too heavy to match 
even the small payload fraction of chemical rockets. 
Reduction of this large gap between actual and required 
powerplant masses is the aim of a large current research 
and development programme in the U.S. Since the 
electric thrustor is useless without a suitably lightweight 
electric powerplant, it must be assumed herein that this 
programme will be successful. 

The first portion of this paper is devoted to an exami- 
nation of the prcsent status of electrostatic thrustors with 
regard to their integration as a component in lightweight 
propulsion systems. An existing experimental thrustor 
is used as an example, and the effects of the performance 
of this thrustor on some space missions are determined. 

From this examination, a number of shortcomings of 
existing thrustors become apparent. Reasons for these 
shortcomings are explained in terms of the basic physical 
processes for each of the thrustor types. Research and 
development programmes on these problems are sum- 
marized. 

This paper is based on a N.A.S.A. report,'O which 
contains considerable additional analysis and discussion. 

11. THRUSTOR PERFORMANCE 
To illustrate the performance and deficiencies of 

existing electrostatic thrustors, the theoreticaI payload 
capacity of an electric rocket vehicle is shown in Fig. 1 
for a one-way Mars orbiter mission starting in a low 
orbit about Earth and ending in a low orbit about Mars. 
The powerplant is assumed to have a specific mass of 
4 kg.kW.-'. 
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FIG. 1 .  Payload fraction as a function of trip time for Mars 
orbiter mission. Basic electric powerplant mass, 4 kg.kW.-' 
Hatching shows losses due to thrustor efficiency, power conver- 

' sion. and thrustor mass. 

The upper curve in Fig. 1 represents the maximum 
theoretical payload for the assumption that both the 
thrustor and the power-conversion equipment have 100% 
efficiency and negligible mass. In addition, it is assumed 
that the thrustor is capable of operating with the con- 
tinuously variable thrust required to maximize the pay- 
load during interplanetary transfer.ll Since the jet 
power P is maintained constant, the specific impulse I 
must also vary continuously. The relation between 
thrust and specific impulse is given by : 

where the specific impulse is defined as 

F is the thrust, n?tot is the propellent mass flow rate, 
and g, is the gravitational conversion factor. In the 
variable-thrust optimized trajectory (Irving-Blum), the 
specific impulse varies over a large range (e.g., 10: 1) 
with the lowest specific impulse occurring in the planeto- 
centric phases.11-13 Since existing thrustors are not 
capable of efficient operation over the required range 
of specific impulse, an alternative trajectory, using 
constant specific impulse and thrust, with an optimized 
coast period in the middle of the heliocentric phase may 
be used instead. The first loss in payload shown in 
Fig. 1 is due to use of such constant specific impulse 
trajectories (this curve was calculated from information 
in MacKay14). 

The more advanced electrostatic thrustors require 
most of their power in the form of high-voltage direct 
current, while power is generally produced in the form 
of low-voltage alternating current. The power could, of 
course, be generated as high-voltage alternating current, 
so that only rectification is necessary. But a recent 
analysis15 of power-conversion equipment in the 
1000-kW. power range has shown that conventional 
low-voltage electromagnetic generators with trans- 
formers should have lower specific mass than 

high-voltage electrogenerators without transformers for 
potential above 2400 V. Since almost all thrustors 
require potentials higher than 2400 V in the specific 
impulse range of interest, the high-voltage electromag- 
netic generator will not be considered further here. 
Information elsewhere16 indicates that an electromagnetic 
generator power-conversion system might be developed 
from present technology with a specific mass of about 
6 or 7 kg.kW.-l for the 1 to 10 MW. power level. With 
advanced technology, analysislj predicts a specific mass 
of about 1.4 kg.kW.-l. This latter estimate was used to 
calculate the reduction in payload due to power-con- 
version equipment in Fig. 1. An efficiency of 90% was 
assumed for this equipment. 

Power losses and propellent loss in the thrustor may 
also seriously reduce the payload capacity. As shown 
elsewhere,1° the thrustor efficiency 77 is 

where P is the total input power to the thrustor. 

the efficiency may be written as 

If 
some of the propellent is not ionized and accelerated, 

I 

i 
(4) 

where m+ is the propellent that is ionized and accelerated 
(for simplicity only singly charged propellent particles 
are considered here). A propellent utilization efficiency 
may be defined that accounts for the propellent loss: I 

mi 
m t o t  

7" x- . .  . .  I . . ( 5 )  I 
* I  

and a power efficiency may be defined that accounts 
for electric power loss: 

F2 

From these definitions the thrustor efficiency is 

77 = 77UrlP * * .. . . (7) 
The efficiency of an existing Lewis electron-bombard- 
ment thrustor has been used to illustrate the effect of 
current thrustor inefficiencies on payload capacity in 
Fig. 1. 

The mass of thrustors can also reduce payload capa- 
bility. This mass is strongly dependent on specific 
impulse and durability requirements. The mass of 
existing thrustors is a substantial fraction of the payload 
mass, as illustrated in Fig. 1. The reduction in payload 
shown in Fig. 1 is based on extrapolation of durability 
test data (to be discussed later) for the current Lewis 
electron-bombardment thrustor. The optimization pro- 
cedure used is described elsewhere.1° 

From Fig. 1, it is evident that existing thrustors would 
cause considerable loss in payload or trip time due to 
thrustor inefficiency, thrustor mass, and operation at 
constant specific impulse. Power-conversion systems, 
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even of an advanced design, would also cause much pay- 
load loss. The net result of these losses is equivalent 
to an increase in overall specific mass from the assumed 
powerplant value 4 kg.kW.-l to about 10 to 15 kg.kW.-l. 
Further calculationslO show that existing thrustors would 
cause even greater relative loss in payload capacity for 
Mars round-trip vehicles. Although spaceflight is 
possible with existing thrustors, the potential gains in  
payload capacity warrant a critical examination of the 
various electrostatic thrustor-design concepts with regard 
to their possible improvement and ultimate performance. 

111. ELECTROSTATIC THRUSTOR PRINCIPLES 

In the e!ectron-hombarc!ment thrustor, prope!!ent atoms 
or molecules are ionized by electron impact. A plasma 
results in the ionization chamber. The ions are extracted 
from the plasma by virtue of the electric field in the 
accelerator. Propellents of interest in present electron- 
bombardment thrustors are casium, mercury and heavy 
molecules (mass greater than 200 amu*). 

In the contact-ionization thrustor, atoms are ionized 
by surface contact of a low-ionization-potential atom on 
a high-work-function surface. The surface is hot, so 
that the ions are evaporated, after which they are 
accelerated by the electric field of the accelerator. The 
combination of most interest is czsium as the propellent 
and tungsten as the surface. 

The colloidal-particle thrustor is still in a state of 
basic and applied research. There are a number of 
schemes for particle generation and charging, which will 
be discussed in later sections. Propellent mass-to- 
charge ratios of less than 100,000 amu per electronic 
charge are of interest. 

All these thrustors produce thrust with the same basic 
principle, which is the acceleration of charged particles 
in an electric field, as indicated in Fig. 2. Electrons 
removed from the propellent particles are drawn from 

High potential 7 

generator 

FIG. 2. Schematic diagram of electrostatic thrustor. 

the high-potential charging chamber, or ionizer, by the 
electric powerplant and are injected into the charged- 
particle exhaust. The charged particles merely fall 
through the potential difference to obtain the desired 
exhaust velocity. 

I t  is essential that the charged-particle exhaust be 
neutralized, particularly since the accelerator is at or 
near space-charge-limited current density.l7~l8 This 
neutralization requires : (1) equal rates for the ejection 
of opposite charges (current neutralization) to avoid 
building up a large charge on the space vehicle, and 
(2) equal densities of opposite charges in the beam 
(charge neutralization) to avoid large space-charge effects 
within the beam. Early theoretical a_nalyses predicted 
that be22 nentra!izatir?n woc!d be a ser io~s prob!em; 
however, early experimental operation in vacuum facili- 
ties indicated that the exhaust beams were in fact 
neutralized.19 In a series of definitive experiments, Sellen 
and KempZ0 showed that ion beams up to 10 ft. in length 
could be neutralized under closely simulated free-space 
conditions. From these experiments, it appears that 
beam neutralization will not be a fundamental problem. 
To obtain absolute verification, beam neutralization will 
be tested in the SERT-I spaceflights.21 

The remaining neutralization problem appears to be 
the development of durable neutralizers. The electron 
emitter should be only a few volts below the potential 
of the neutralized beam. Because of space-charge 
limitations on electron current, it is necessary to have 
a very short distance between the electron emitter and 
the ion beam if the electron emitter is to have a reasonably 
small size. If the edge of the ion beam were sharply 
defined, the neutralizer could simply be brought up close 
to the edge of the beam. Even if the ion optics were 
good enough to make a sharply defined beam edge, 
charge-exchange ions would probably make some sort 
or shadow shielding necessary for long-life neutralizers. 

An estimated life of 25 hr. was obtained for one of 
the shielded configurations investigated.22 This short 
lifetime was probably the result of charge-exchange ions 
formed near the neutralizer. Since the potential dif- 
ference between the neutralizer and the exhaust-beam 
plasma was over 50 V. for this configuration, these 
charge-exchange ions were sufficiently energetic to  cause 
considerable sputtering erosion. A better shielded- 
neutralizer design with only a 10- to 20-V. potential 
difference between it and the beam should have no 
trouble reaching any desired lifetime. Since the 
neutralizer does not appear to offer any major problems 
and since neutralization problems are substantially 
similar for all types of thrustors, they will not be con- 
sidered further. It is true that a colloidal-particle 
thrustor may require a supply of protons rather than 
electrons, but such a neutralizer should still be a minor 
problem compared to  the rest of the thrustor. 

* Atomic mass units, 
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IV. THE ELECTRON-BOMBARDMENT 
THRUSTOR 

A typical electron-bombardment thrustor is shown in 
Fig. 3. Energetic electrons, contained by electric and 
magnetic fields, are used to ionize atoms in this thrustor. 

FIG. 3. Electron-bombardinent thrustor for mercury propellent. 

Production of ions by electron bombardment is not a 
new concept. But previous electron-bombardment ion 
sources that produced sufficient ion current to be of 
interest for electric propulsion (such as that of Von 
ArdenneZ3 had current densities too high to be trans- 
mitted by practical accelerator systems. The contribu- 
tion of Kaufman and Reader24,25 was primarily an 
electron-bombardment ion source that matched the 
current-density requirements of a long-life electrostatic 
accelerator system operated in the specific impulse range 
of interest. 

The performance of electron-bombardment thrustors 
obtained in the initial investigations showed substantial 
advantages as compared with other ion thrustors of that 
period.26 Because of these advantages, a sustained 
research programme on this type of thrustor has been 
conducted at the N.A.S.A. Lewis Research Center. More 
recently, contractual work with private i n d ~ s t r y ~ ~ - ~ ~  has 
augmented the work at Lewis. 

The propellent is vaporized and passes through the 
distributor into the ion chamber. In the ion chamber 
it is bombarded by electrons from the cathode. The 
collisions of electrons with the propellent atoms are 
enhanced by an axial magnetic field, which prevents the 
rapid escape of electrons to the anode. Escape of 
electrons to the ends of the ion chamber is prevented 
by operating these ends at the same potential as the 
cathode. Some of the propellent becomes ionized by 
the bombardment of electrons, and some of these ions 
arrive at the screen and are accelerated into the ion 

. 

beam (the ions that are not accelerated into the ion beam 
recombine with electrons at the walls of the ion chamber). 
An electron source (not shown in Fig. 3) then neutralizes 
this ion beam. 

The problem areas of this type of thrustor can be 
divided into those of the ion chamber, the magnetic 
field, the cathode, and the accelerator. These problem 
areas will be discussed in this order in the following 
sections. 

1. ION CHAMBER 
Following the initial s t ~ d i e s , 2 ~ ~ ~ ~  an extended investi- 

gations" was conducted to determine optimum ion- 
chamber geometry. The optimum of the cylindrical \, 

ion-chamber geometries investigated was a length 
approximately equal to the diameter, and the anode 
length nearly equal to ion-chamber length. Some 
optimization of distributor design was found desirable 
for each combination of current density and specific 
impulse. The ion chamber was otherwise found to be 
insensitive to small changes in geometry, and after 
extended testing, the optimum geometry did not differ 
greatly from the best geometry reported by Kaufman and 
Reader.24 The discharge power, approximately the 
cathode emission times the ion-chamber potential dif- 
ference, is shown as energy per beam ion in Fig. 4 
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FIG. 4. Ion-chamber losses as a function of propellent 
utilization. 

for mercury propellent and a good geometry. Some 
development is required to obtain this level of perfor- 
mance, but it has been obtained many times-and 
frequently exceeded. In addition to changing the dis- 
tributor, the accelerator geometry may also have to be 
changed, as discussed in Section IV.4. 

The standard operating conditions e m p l ~ y e d ~ * ~ ~ ~ ~ ~ ~  
included a 50-V. potential difference between the anode 
and cathode in the ion chamber. With this potential 
difference, it was founds1 that 5-10% of the ions leaving 
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the ion chamber were doubly ionized, which would 
correspond to a thrust loss of 1.5-3% and an efficiency 
loss twice as large. Dropping the ion-chamber potential 
difference to 30 V. had little effect on the discharge 
energy per beam ion, but the percentage of doubly 
ionized ions was found to decrease to 2-5%. This 
reduction in potential difference also had the beneficial 
effect of reducing cathode sputtering. 

Caesium has been investigated as a propellent for an 
electron-bombardment thrustor designed by SpeiserZ7 and 
shown in Fig. 5. The results indicate that a somewhat 

FIG. 5. Electron-bombardment thrustor designed at Electro- 
Optical Systems, Inc., for caesium propellent. 

lower discharge energy per beam ion can be expected 
with caesium as the propellent (as indicated by the second 
curve in Fig. 4). Even with the lower discharge power, 
though, the lower atomic weight of caesium (132.9 versus 
200.6 for mercury) would result in lower thrustor 
efficiencies unless additional power savings were made 
elsewhere. As will be discussed in Section IV.3, such 
additional power savings are possible. 

Propellents with even heavier atomic weights than 
mercury would be desirable for improving both the 
efficiency and thrust density of an electron-bombardment 
thrustor at low specific impulses. Since prospective pro- 
pellents do not exist as atomic species much heavier than 
mercury, heavy molecules appear to be the only practical 
substitute. An investigation of possible heavy-molecule 
propellents is being conducted at Complete 
results have not yet been reported, but considerable 
experimental work has been completed. Preliminary 
analysis of the data indicates that molecules substantially 
heavier than mercury can be ionized and accelerated into 
a beam, but only for propellent utilizations less than 10%. 
The mean molecular weight is reduced, owing to frag- 
mentation at higher utilizations. Further experiments 
are planned, but the simultaneous achievement of high 
utilization and high mean molecular weight does not 
appear likely, 

Some improvement in ion-chamber performance might 
be obtained through ion-chamber accelerator inter- 
actions, as is discussed in Section IV.4. It is felt, though, 
that near-optimum geometry has already been obtained 
for the ion chamber and that further improvements would 
be small and difficult to achieve. 

No problems were encountered concerning durability 
in the ion chamber (with the exception of the cathode, 
which is treated separately) even though material as thin 
as 0.2 or 0.3 mm. was used for various parts. 

2. MAGNETIC FIELD 
The problem that has been associated with the mag- 

netic field in the past has been a compromise between 
mass and power. Solenoidal windings on research 
thrustors, where mass is unimportant, can be quite heavy 
and have correspondingly low power losses., Such 
windings may weigh as much as 10 Ib. for a thrustor with 
a IO-cm-diameter beam, and have only a 50-W. power 
loss. On the other hand, a flight-type thrustor may have 
a field winding that weighs only 1 Ib. but has a power 
requirement of 200 W. 

A recent paper33 indicates a solution to the power 
versus mass problem. The permanent-magnet design 
investigated therein33 has a mild-steel distributor plate 
and screen, with permanent magnets positioned between 
the two, and this thrustor is shown in Fig. 6. As has 
been dem~ns t r a t ed ,~~  ion-chamber performance is im- 
proved when the field strength at the screen is less than 
that at the distributor. The disparity in sizes of the two 
pole pieces (distributor and screen) shown in Fig. 6 is 
the one means of obtaining this field strength difference. 

FIG. 6. Permanent-magnet 10-cm. module of electron- 
bombardment thrustor designed at the N.A.S.A. Lewis Labora- 

tory for mercury propellent, 
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Except that no field power was required, the per- 
manet-magnet electron-bombardment thrustor operated 
in a normal manner. Extended operation and cycling 
conducted since the paper mentioned33 was published has 
resulted in no significant change in magnetic field 
strength. The only adverse results are a lack of operating 
flexibility (which is of interest mainly in research) and 
decreased thermal-structural stability of the mild-steel 
screen as compared to the molybdenum screen it replaced. 
More careful design for thermal-expansion effects should 
solve this latter problem. 

One of the most important virtues of the permanent- 
magnet design33 is its low mass. The total mass of the 
permanent-magnet thrustor is 3 lb., which is almost 
exactly that of a flight-type thrustor of the same size 
(10-cm.-dia. beam) that employed a high-loss, low- 
weight solenoidal winding. 

3. CATHODE 
Both power and lifetime problems are associated with 

the cathode. The early electron-bombardment thrustor 
experiments at the Lewis laboratory were conducted 
with tantalum, and occasionally tungsten, cathodes. 
Although pure tantalum has severe power and durability 
problems, it is very easy to use and gives reproducible 
results. A desired lifetime with tantalum is achieved 
simply by supplying sufficient cathode material to offset 
sublimation and erosion. From tests with tantalum 
strips at Lewis,34 it appears possible to use tantalum for 
attitude-control thrustors where the actual operating 
time may only be 1000 to 2000 hr., and efficiency is not 
of primary importance. For main propulsion systems, 
with anticipated lifetimes of perhaps 10,000 hr., tantalum 
cathodes are out of the question. Tungsten, with elec- 
tron-emission characteristics similar to tantalum, would 
also be unacceptable. 

A more promising type of cathode uses alkaline-earth 
carbonates in a compositive structure with nickel or some 
other relatively inert metal. The metal provides a struc- 
tural matrix to hold more of the emitter material than 
could be applied with just a coating on the outer surface. 
A nickel-matrix cathodez8 was operated in an electron- 
bombardment thrustor designed at Ion Physics Cor- 
poration (Fig. 7) for periods up to 300 hr. Investigations 
have been conducted at Lewis with another type of metal- 
matrix cathode. One test at Lewis in a simulated thrustor 
(a complete thrustor except for the accelerator) had a 
duration of more than 1600 hr. The heater power in- 
creased with time, going from about 15 to 30 W. per 
emitted ampere at the end of 1600 hr. The performance 
obtained to date indicates that good efficiency for a 
10,000-hr. life may be possible with this type of cathode. 

The final type of cathode to be considered is the auto- 
cathode shown in Fig. 8 which is being developed by 
Electro-Optical Systems in conjunction with the electron- 
bombardment thrustor of their design2' (Fig. 5 ) .  Use 
of caesium propellent to provide a low work function 
emitter surface and ion bombardment for heating it 

FIG. 7. Electron-bombardment thrustor designed at Ion Physics 
Corp. 

results in a long-life cathode that requires no heating 
power. The ion-chamber potential difference with 
czesium as the propellent can be sufficiently low so that 
cathode sputtering is not a problem, and the temperature 
of a casium-coated cathode can be so low that sub- 
limation of the base metal should be negligible. Thus, 
there should be no major obstacle to the attainment of 
a 10,000-hr. lifetime, or even longer, with this type of 
cathode. The major shortcoming is the increased charge- 
exchange cross section of czsium, which serves to limit 
the thrust-to-area ratio of the accelerator. 

The ion chamber, the magnetic field, and the cathode, 
just discussed, are the major loss sources in a well- 
designed electron-bombardment thrustor. A good 
estimate of the performance that can be expected with 
mercury as the propellent is obtained by selecting an 
electron emitter loss of 20 W. per emitted ampere, a 

.Heater (used only ' for 

Crsium 
propellent 

FIG. 8. Diagram of caesium autocathode. 
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30-V. ion-chamber discharge, and the discharge losses 
quoted in Section IV.l. An additional 1% jet-thrust 
may be assumed for impingement and off-axis velocity 
effects. The performance calculated with these assump- 
tions has been presented35 and is shown in Fig. 9. A 
trade-off can be made between ion-chamber and pro- 
pellent-utilization losses. The optimum utilization (for 
efficiency) is also shown in Fig. 9. Although a minimum 
power-to-thrust ratio of about 100 kW.lbf.-l is shown in 
Fig. 9, operation below about 4000 sec. is difficult 
because of accelerator current-density limitations. A 
power-to-thrust ratio of about 150 kW.lbp.-l would 
therefore be a more realistic lower limit. Similar calcu- 
lations were made for casium as the propellent. The 
assumptions were the same except that the lower dis- 
charge losse; of czsium were used, and a 20-V. discharge 
was assumed. A small cathode power loss of 5 W. per 
emitted ampere was assumed so that better control of 
the discharge could be obtained than with an auto- 
cathode. The optimum efficiency obtained with caesium 
was about 1% higher than that shown in Fig. 9. The 
optimum utilization was also increased 1 to 2% over 
that of Fig. 9. Although the curves of Fig. 9 are 

Specific impulse, I ,  sec. 

FIG. 9. Estimated performance of electron-bombardment 
thrustor with mercury propellent. 

calculated, experimental values within a few per cent 
of the maximum efficiency curve have been obtained 
over a wide range of specific impulse. 

4. ACCELERATOR 

The problem posed by the accelerator is primarily 
one of durability. A thorough study of accelerator con- 
figurations for the electron-bombardment thrustor was 
conducted at Lewis and has been d e ~ r i b e d . ~ ~ > ~ '  As 

operation well below space-charge limitations 
with a carefully aligned accelerator system can result 
in impingement currents approaching that from charge 
exchange alone. Later tests at Lewis3s have verified this 
conc!usioo. With rnerccry IS the prope!!ent, the ion- 
impingment and accelerator-drain current are sub- 
stantially equal. The measurement of ion impingement 
with mercury is therefore much simpler than with casium. 

As has been shown,3s the accelerating system of existing 
thrustors with 10-cm.-dia. beams should last 10,000 hr. 
at a specific impulse of 4000 sec. and a propellent 
utilization of 76% if the current of mercury ions does 
not exceed about 0.13 A. This lifetime corresponds to 
a total ion impingment of 3.3 A.hr., which is sufficient 
to erode through the thinnest sections of the accelerator. 
The variation of lifetime L with ion-beam current and 
propellent utilization is of the form 

when charge exchange is assumed to be the primary 
cause of accelerator impingement. The effect of specific 
impulse on lifetime is also of interest. However, since 
different combinations of net accelerating potential 
difference Qnet and propellent utilization can yield the 
same specific impulse, the ion energy (and hence sputter- 
ing damage) therefore does not have a unique relation 
with specific impulse. A working relation for the effect 
of specific impulse may be obtained by assuming utiliza- 
tions near the optimum for efficiency, as shown in Fig. 9. 
The lifetime proportionality thereby obtained is 

Using the lifetime data at  4000 sec. from K e r ~ l a k e ~ ~  for 
a 10-cm. beam thrustor yields a constant of propor- 
tionality. The maximum ion current for this size 
thrustor is thus : 

4 0 0  1.13 1/2 

J.=[""'(&) L 1 - v u  (T) ] . .  (10) 

with L the lifetime in days. This equation, together 
with an actual single module mass of 3 lb., was used 
to calculate the mass figures for an electron-bombard- 
ment thrustor shown in Fig. 10. Fig. 9 and 10 were 
used for the calculations of Fig. 1. Any desired lifetime 
can be obtained simply by reducing the ion-beam current 
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FIG. 10. Specific inass of electron-bombardment thrustor 
assuming adequate cathode durability (based on exhaust jet 

power). Numbers on curves : thrustor durability, days. 

to a small enough value. The efficiency of an electron- 
bombardment thrustor, unlike that of a contact-ioniza- 
tion thrustor, is substantially independent of current 
density. The only adverse effect of lowering the ion 
current density is the increased size, and hence weight, 
of the thrustors. 

The effect on the accelerator lifetime of changing the 
propellent to cssium can be estimated by comparing 
charge-exchange cross sections and atom : ion sputtering 
ratios for cssium and m e r c ~ r y . ~ ~ - ~ ~  The charge- 
exchange cross section for cssium is two to three times 
as large as that for mercury. The effect of the larger 
charge-exchange cross section for cssium, though, is 
almost balanced by a reduced sputtering (using molyb- 
denum for both). If it is assumed that these two factors 
balance, the only effect left would be that of charge- 
to-mass ratio and spacing of the accelerator. Since the 
acceleration voltage for a given specific impulse will be 
less with caesium, closer accelerator spacings might be 
expected with caesium, which would lead to reduced 
charge-exchange impingement. However, the thrustor 
mass is greatest at low specific impulses, where the same 
minimum accelerator spacing (determined by fabrication 
and structural stability considerations) will probably be 
used for both caesium and mercury. Thus, although the 
use of caesium gives the best prospects of a long-life 
cathode, it will probably cause substantial increases in 
thrustor mass at low specific impulses. For the same 
accelerator spacing, the thrust per unit area with caesium 
would only be about two-thirds that with mercury. 

The final topic for the accelerator section concerns the 
interaction with the ion chamber. The data for the 
various acelerator configurations investigated elsewhere36 
show substantial effects of accelerator configuration on 
ion-chamber performance. In general, increasing the 

percentage of open area in the screens, reducing the 
screen thickness, and increasing the accelerating potential 
difference resulted in lower ion-chamber discharge power 
loss. One aspect is certainly the loss of ions due to 
collision on the screen. Changing the variables in the 
direction indicated will teed to reduce these collisions. 
It is difficult, though, to explain all of the observed 
interactions in  terms of ion-screen collisions. The 
electric field from the accelerator system apparently can 
influence ion motion in a substantial portion of the ion 
chamber, far more. for example, than would be indicated 
by a calculation of Debye shielding distance (less than 
0.1 mm.). In any event, the accelerator configuration 

This effect should be considered when trying to optimize 
Performance. 

As may be surmised from the preceding discussion, 
several areas of research on the electron-bombardment 
thrustor appear to be reaching completion. The ion- 
chamber configuration, magnetic-field design, and the 
accelerator structure all fall into this category. A pos- 
sible exception might be an attempt to produce more 
uniform current density, which would permit con- 
siderably greater power densities for the same lifetime. 

The cathode is probably the most important remaining 
component research area. The casium autocathode2' is 
one promising solution. As was pointed out, however, 
the use of cresiuin places more severe limits on the 
thrust-to-area ratio at low impulse than does mercury. 
This effect alone is sufficient reason to continue research 
on alkaline-earth carbonate cathodes, particularly since 
very substantial lifetimes have already been obtained. 
Another reason for continuing research on the alkaline- 
earth carbonate cathode is the possible use of other 
propellents to obtain variable specific impulse operation. 

can have a substantial effect on ion-chamber performance. ' 1  

V. CONTACT-IONIZATION THRUSTORS 

The basic concept of the contact-ionization electro- 
static thrustor was presented by S t ~ h l i n g e r ~ l . ~ ~  in 1954. 
Since the beginning of active experimental work on 
electric thrustors in 1957-58, the major share of research 
and development has been devoted to the contact- 
ionization thrustor. 

The distinguishing feature of this thrustor is the method 
of ionization of propellent atoms. Stuhlinger noted that 
alkali metal atoms such as caesium could be ionized with 
high probability on surfaces with high work functions 
such as tungsten and then could be accelerated with an 
electrostatic field, as indicated in Fig. 11. The early work 
on the contact-ionization process by Irving Langmuir, 
Becker, and others showed that the cssium-tungsten 
system provided ionization probabilities as high as 99%. 
In order to preserve the high work function, however, 
it was necessary to allow only a small fraction of a 
caesium monolayer on the tungsten surface. This was 
accomplished by maintaining the tungsten surface at a 
high temperature (1300" to 1500" K.). 
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Hot tungsten 

FIG. 11 .  Schematic diagram of contact-ionization thrustor. 

The high temperature causes a considerable thermal- 
radiation loss, thereby reducing the thrustor efficiency 
(by increasing the power P) as shown by Eqn. (3). To 
obtain a reasonable efficiency, a high ion-beam power 
per unit area must be attained. Ion-beam density may 
be limited by minimum practical accel distances. For 
a fixed accel distance, caesium provides a higher exhaust- 
beam power density than the other alkali metal atoms 
by virtue of its highest mass. 

For the reasons of highest ionization probability and 
highest beam power density, the caesium-tungsten system 
has been generally accepted as the best for the contact- 
ionization thrustor. From such optimistic beginnings, 
contact-ionization thrustors have progressed through 
much research and development and stand today as 
nearly flight-worthy devices. 

One type of contact-ionization thrustor is under de- 
velopment at Electro-Optical Systems. The progress 
and performance of this thrustor have been 
and one of the design versions is shown in Fig. 12. 
. h O t h P r  type of contact-ionization thrustor is under 
development at Hughes Research Laboratory. The 
progress and performance of this thrustor have been 
d e s ~ r i b e d , ~ ~ - ~ ~  and one of the design versions is shown 
in Fig. 13. 

Both of these thrustors are based on common funda- 
mentals, so they will be discussed concurrently. Both 
have porous tungsten ionizers. By virtue of its own 
vapour pressure, caesium diffuses through the pores of 
the ionizer and is ionized by contact on the “down- 
stream” face of the ionizer. The caesium ions are then 
accelerated by the accelerator elctrodes. The caesium 
ions are singly charged, so their final speed is uniform. 

The major power loss in these thrustors is due to  
thermal radiation from the ionizer. Conduction heat 
loss has been minimized, and the “upstream” side of the 
ionizer and propellent-feed manifolds are well insulated 
to minimize thermal-radiation loss. The accel length 
has been made as short as is now possible and is only 
a few millimetres in both thrustor concepts. 

As shown in Figs. 12 and 13, the EOS thrustor consists 
of an array of ionizer “buttons” and circular electrode 

Fiti. 12. Contac(-ionization thrustor designed at Electro- 
Optical Systems, Inc. 

apertures, while the Hughes thrustor consists of con- 
centric “annular” ionizers and exhaust apertures. Both 
thrustors have concave ionizer surfaces but different 
electrode shapes. The neutralizer designs are also 
different. 

FIG. 13. Contact-ionization thrustor designed at Hughes 
Research Laboratory. 
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1. ION OPTICS 

Inasmuch as the ions come from a physical surface 
in the contact-ionization thrustor (as opposed to a 
diffuse plasma i n  the electron-bornbardinelit thrustor), 
the boundary values for the acceleration process can be 
well defined. A variety of theoretical methods of pre- 
dicting ion trajectories therefore can be and have been 
used. Analytic solutions have been and 
numerical methods of solution given55,56 by Hamza and 
co-workers. An electrolytic-tank analogue computer has 
been a standard design tool at Hughes. The rubber- 
sheet analogue has also been used in various places but 
is limited in usefulness due to the impracticality of 
space-charge simulation. 

Theoretical solutions to the acceleration process are 
of greater importance for the contact-ionization thrustor, 
than for the electron-bombardment thrustor. Direct 
impingement of primary ions is masked not only by 
impingement of charge-exchange ions but by electron 
emission (both secondary and thermionic) from the accel 
electrode. It is known that the drain currents from the 
accel electrode57 may be as high as 15% of the ion-beam 
current at ion current densities of 250 A.m.-2. A recent 
theoretical analysisss shows that thermionic electron- 
emission currents from the accel electrode may be very 
high fractions of the czsiuni ion current. Neutral 
cresium atoms from the ionizer can form a layer on the 
accel electrode, thereby producing a low-bvork-function 
surface and resulting in high electron-emission currents. 
The analysis predicts that either cooling or heating the 
accel electrode a few hundred degrees Kelvin will reduce 
the electron-emission current to a negligible level. 

Both the EOS and Hughes thrustors are believed to 
have satisfactory ion optics. In  both thrustors, the ion 
beam is slightly “overfocussed” so that the edge of the 
beam is a finite distance from the accel and decel elec- 
trodes. This separation distance eases design and 
fabrication tolerances and reduces the effect of ion 
thermal velocities to a negligible level. 

Computer solutions for space-charge-flow geometries 
such as the EOS and Hughes thrustors show that a 
considerable variation of ion current density may occur 
across the ionizer surface5’ without excessive impinge- 
ment. Non-uniform current density, though, may have 
other consequences, to be discussed later. 

2. CHARGE EXCHANGE 

Although the czsium-tungsten system has a very low 
emission rate of neutral cresium atoms under ideal condi- 
tions, this emission is not negligible. Optimization of 
efficiency requires that maximum current and power 
densities be used. The optimum is, of course, the highest 
current density that is consistent with lifetime require- 
ments. As was mentioned in the preceding section, 
measurement of ion impingement is complicated by 
electron emission from the accelerator electrode. The 
erosion effects of charge-exchange ions must therefore 

be determined either from actual lifetime tests or from 
theoretical studies. 

A theoretical study at Hughes with the electrolytic- 
tank analogue computer showed that charge exchange in 
only a portion of the region near the electrodes contri- 
butes to charge-exchange i~npingenient.~~ The region 
that produces charge-exchange interception for a par- 
ticular electrode corifiguration is shown in Fig. 14. 

Beam-forming electrode -, 

r Accel electrode 

r 

\ I ’$Charge-exchange ion 
trajectories 

FIG. 14. Theoretical analysis of charge-exchange ion 
trajectories. 

The durability of the EOS and Hughes thrustors has 
not been fully established on either a theoretical or an 
experimental basis. It is nevertheless of interest to 
estimate the durability of their electrodes with the data 
obtained for the bombardment t h r u ~ t o r . ~ ~  If it is 
assumed that equal amounts of accelerator electrode 
material erosion are allowable in  casium and mercury 
thrustors, that the volume of the charge-exchange region 
and the accelerator designs are the same, and that the 
charge-exchange cross sections are uHg = 6 x cm.2 
( K e r ~ l a k e ~ ~ )  and uc, = 2 x cm.2 (Speiser and 
Vernon34), then the ratio of allowable current densities is : 

The sputtering yield for mercury= is YHg = 1-5 atoms 
per ion for 5000 eV.Hg+ incident on molybdenum. The 
EOS thrustor has copper accel electrodes, so that sput- 
tered atoms of copper cannot contaminate the ionizer 
(the melting point of copper is less than the ionizer 
operating temperature). From Speiser and Vernon,39 
Ycs = 6 atoms per ion for 5000 eV.Csi~ incident on 
copper. For the same accel potential OA and assuming 
that YHg and Yc, are both proportional to OAO”, 

With this expression, it is possible to estimate the com- 
parative performance of the contact-ionization thrustor 
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with that of the electron-bombardment thrustor pre- 
viously described. The durability of the electron- 
bombardment thrustor is for the overall thrustor module 
and is limited by the current density at the centre of the 
accel electrode plate. This current density is about three 
times the average current density of the module. By 
applying this correction, it is possible to make a rough 
estimate of the allowable exhaust-jet power density of 
a comparable contact-ionization thrustor. The results 
of this estimate are shown in Fig. 15 for an accel elec- 
trode durability of 400 days. If a material with a low 
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FIG. 15. 400-day durability limits on exhaust-jet power density 
due to charge-exchange ion erosion of the accel electrode. 
Contact-ionization thrustor: copper electrode. Electron-bom- 

bardment thrustor : molybdenum electrode. 
Cnn!in!?o!is !!.~tps: Cor?tsct-icnization :~T.-S:O: with 2 mm. acccl h g t h ;  iicii:ra: 

Brokrn line: Existing electron-bombardment thrustor. 
Dotted line: Hypothetical electron-bombardment thrustor with uniform current 

atom fractions of from 0.01 to 0.10. 

density profile. 

sputtering coefficient could be used for the accel electrode 
in place of copper in the contact-ionization thrustor, it 
might be possible to double the power densities shown 
in Fig. 15. The low power densities shown in Fig. 15 
could have a serious adverse effect on thrustor size and 
specific mass. A similar consequence exists with regard 
to thrustor efficiency, which will be discussed in the 
next section. 

It should be noted that the calculations presented in 
Fig. 15 are subject to the accuracy of the assumptions, 
In charge-exchange ion erosion of the accel electrode, 
the allowable current density is inversely proportional 
to the square root of the charge-exchange cross section, 
charge-exchange region volume, and sputtering yield. 
This relation tends to reduce the sensitivity of the value 
of current density to errors in the other parameters. 
For this reason, the estimatc shown in Fig. 15 may be 
used with a fair confidence. 

3. POROUS IONIZER 
From the preceding brief discussion and approximate 

calculations regarding charge exchange, it is clear that 
low neutral-atom concentration is essential for contact- 
ionization thrustors. Since the ionizer is responsible for 
admitting neutral caesium atoms, it is appropriate to 
examine the status of this component in detail. 

Because of the charge-exchange problem, the porous 
ionizer has been accepted as being superior to solid 
ionizers (with a reverse flow of fresh neutral atoms 
passing through the ion beam). In porous ionizers, the 
caesium vapour flows through the ionizer pores by both 
Knudsen flow and surface diffusion. If the flow rate 
due to surface diffusion is greater than that due to 
Knudsen P,cw near the pore exist, thc piedomifiaiii 
fraction of the czsium will flow onto the downstream 
face of the ionizer, as indicated in Fig. 16. Theoretical 
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FIG. 16. 
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FIG. 17. Neutral-atom efflux from various porous ionizers, 
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FIG. 18. Photomicrographs of Electron-Optical Systems, Inc., porous tungsten ionizers. 
(a) and (b) : Commercial porous tungsten. 
(c) and (d) : Spherical powder. 
(e) and (f) : Wire bundle. 
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analyses of this model of flow and ionization have indi- 
cated the need for submicron pore diameters at  high 
ion current d e n s i t i e ~ . ~ ~ - ~ l  Experimental results on the 
neutral-atom efflux from small samples ( 5  mm. dia.) 
show that neutral efflux increases as ion current is 
increased.62-66 Typical data are shown in Fig. 17, taken 
from Husman,s4 for a pore size of about 2 pm. and a 
pore density .of lo6 cm.-2 with various porous materials. 
Porous ionizers with these characteristics are com- 
mercially available. 

Experimental data recently reporteds5 confirm the need 
for small pore size. Tungsten ionizers made from 
spherical powder, and others made from wire bundles, 
were compared with commercial tungsten samples having 
a 2-,um. pore diameter and 2 x lo6 pores per square 
centimetre. Photomicrographs of these ionizers are 
shown in Fig. 18. The neutral atom efflux from these 
ionizers is shown in Fig. 19. It is evident that the 
spherical-powder tungsten ionizers provide a lower 
neutral-atom fraction. 

To obtain satisfactorily low neutral-atom flux, the 
pore size must be smaller than at present obtainable, and 

Commercial Wire hiindl? 4 
powder 

powder 

Wire hiindl? 

/ i 
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0 40 80 I20 1.50 1w 

FIG. 19. Neutral-atom efflux from porous tun sten ionizers. 

the pore density (number per unit area) must be high, 
for instance, greater than 3 x lo6 cm.? (Husmans4). 
The use of small-diameter tungsten powder would pre- 
sumably provide these requirements ; however, it appears 
that with small powder diameters, the porous ionizers 
continue to sinter at  the ionizer operating temperature. 
This sintering fills up the pores and increases the density 
of the ionizer, resulting in increased neutral-atom efflux 
that eventually result in cracking due to reduction in 
volume. At Hughes, several porous-tungsten ionizers 
with 2- to 4-pm. pores have been operated for 11 months 
at 1440" K. (Husmans4). The 4-pm. pore-size ionizers 
appear to have retained stability over this time, but the 
2-pm. pore-size ionizers have suffered substantial in- 
creases in flow transmission coefficients. It is possible 
that this increased flow may indicate the presence of 
microcracks caused by reduction in volume due to sinter- 
ing. Thus, small-powder-diameter tungsten ionizers of 

the type necessary for low neutral-atom effluxes may 
sinter shut or crack during the lifetimes required for 
spaceflight. 

In addition to the effect on long-term ionizer sintering, 
the ionizer temperature is also of great importance to 
thrustor efficiency, because thermal radiation from the 
ionizer constitutes the major power loss. In early work 
on contact ionization, it was found that below a certain 
critical temperature mostly neutral atoms are evaporated 
from the surface, while above this temperature mostly 
ions are emitted. A similar critical temperature is found 
for porous emitters, although the ion-atom emission does 
not change as sharply as for solid surfaces. The effect 
of ionizer temperature on ion current density and neutral- 
atom fraction is exhibited by typical data from Kuskevics 
and Thompsons5 shown in Fig. 20. Neutral-atom efflux 
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FIG. 20. Effect of ionizer temperature on ion current density 
and neutral-atom efflux from porous-tungsten ionizer. 

Continuous line: Ion current density. 
Broken line: Neutral atoms. 

minimizes at about 1460" K. (this is the neutral-fraction 
critical temperature), while the ion critical temperature 
occurs at  about 1360" K. in Fig. 20. Operation a t  mini- 
mal neutral-atom flux would increase the thermal- 
radiation loss by 37% in this case. Husman's datas4 
suggest that smaller pore size and increased pore density 
could reduce the critical temperatures for ion current 
and neutral-atom fraction. This is supported by the 
theoretical a n a l y ~ e s . ~ ~ - ~ l  

As mentioned in Section V. 1, particular thrustor 
designs may have a non-uniform current density across 
the ionizer surface. It is evident that the ionizer must be 
operated at a temperature high enough to accommodate 
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FIG. 21. Neutral-fraction critical temperature for spherical- 
powder porous-tungsten ionizers. 

the highest local current density. Typical neutral- 
fraction critical temperatures givena5 for spherical- 
powder tungsten ionizers are shown in  Fig. 21. If the 
average current density were 60 A.m. and a peak existed 
at  180 A.m.?, the increase in ionizer temperature 
required to prevent high neutral-atom efflux from the 
high current spot would result in a 25% increase in 
thermal-radiation loss. 

With the equations presented in Section V.2, it is 
possible to estimate the maximum thrustor efficiency on 
the basis of the best existing porous-tungsten characteris- 
tics. The spherical powder data from Fig. 19 were used. 
The emittance of porous ionizers may be subject to 
surface conditionsa4; so an average value of 0-5 was 
assumed herein. The heat loss is assumed to be only 
the thermal radiation from the downstream face of the 
ionizer. With these assumptions, the estimated maximum 
efficiency is shown in Fig. 22 together with the present 
efficiency of the electron-bombardment thrustor. Fig. 22 
illustrates the comparatively insensitive nature of this 
estimate to  small errors, with a 3 to 1 difference in 
accelerator spacing resulting in an 11% efficiency change, 
or less. Fig. 22 also illustrates the serious shortcomings 
of present porous-tungsten technology. Without drastic 
improvements in this technology, present electron- 
bombardment efficiencies cannot be equalled with long- 
life contact-ionization thrustors. 

1 I I 1 
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FIG. 22. Estimated limitation on thrustor efficiency due to 
charge-exchange ion erosion of copper accel electrode. 400-day 

durability. Spherical-powder porous-tungsten ionizer. 
Continuous lines: Hypothetical contact-ionization thrustors of accel length (L) 2 

Broken line: Existing electron-bombardment thrustor. 
and 6 mm. 

A similar estimate of exhaust-jet power density is 
shown in Fig. 23, which shows that contact-ionization 
thrustors are about the same size as electron-bombard- 
ment thrustors. However, contact-ionization thrustors 
probably require heavier construction than clectron- 
bombardment thrustors and will not be lighter than 
those shown in Fig. 10. 
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FIG. 23. Exhaust-jet power density limitations for hypothetical 
contact-ionization thrustors with spherical-powder porous- 

tungsten ionizers and 400-day durability. 
Continuous lines: Hypothetical contact-ionization thrustors of accel length (L) 2 

Broken line: Existing electron-bombardment thrustor. 
Dotted line: Hypothetical electron-bombardment thrustor with uniform current- 

and 6 mm. 

density profile. 
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The estimates of contact-ionization thrustor perfor- 

mance made herein are based on the use of a single set 
of accel electrodes. It is evident that if the accel 
electrodes could be replaced en route with reliable, 
light-weight mechanisms, then the allowable current 
density would be increased and higher performance 
would be possible. 

The present efficiencies of EOS and Hughes thrustors 
(reported by Teem and Brewer6’) are shown in Fig. 24. 

Specific impulse, I ,  sec. 

FIG. 24. Efficiency of existing EOS and Hughes contact-ioniza- 
tion thrusturs, uncorrected for durability (continuous line). 
Broken line: efficiency of existing electron-bombardment thrustor. 

These efficiencies are maxima and are not necessarily 
compatible with durability requirements of inter- 
planetary missions. 

The neutral casium atom efflux from porous-tungsten 
ionizers can be reduced if uniform submicron pore sizes 
and high pore densities (number per unit area) can be 
obtained. At the same time, sintering at ionizer operating 
temperatures must be slow enough so that the ionizer 
has a durability of at least 400 days. This ionizer prob- 
lem has been recognized for a number of years, and 
many man-years of applied research have been devoted 
to ionizer improvement. In spite of this effort, satis- 
factory porous-tungsten ionizers have not yet been 
developed. 

A number of possible research avenues have been dis- 
cussed by Anglin.68 These avenues are, in one form or 
another, now under investigation in a number of 
laboratories. 

Other geometries also offer some hope of improved 
performance for contact-ionization thrustors. Examina- 
tion of Fig. 14 shows that charge-exchange impingement 
results primarily from charge-exchange processes near 
the accelerator, with those occurring near the ionizer 
being relatively unimportant. A divergent-flow 
t h r ~ s t o r , ~ ~  such as that illustrated in Fig. 25, would have 
a high current density at the ionizer to decrease the heat 
loss, but a low current density near the accelerator, where 
most of the erosion effects originate. Calculations for a 
divergent-flow thrustor (with an area ratio of 2 between 

~~ Beam-forming electrodf: ii’ A i l  electrode 
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FIG. 25. Divergent-flow contact-ionization thrustor designed at 
the N.A.S.A. Lewis Laboratory. Ionizer height, 101 mm. ; 
ionizer chord, 1.5 mm. ; ionizer radius, 3 mm. ; exhaust aperture 

radius, 6 mm. 

the ionizer and the beam at the accelerator aperture) 
indicate that efficiencies slightly better than those of 
present electron-bombardment thrustors might be 
achieved with present porous-tungsten technology. 

Perhaps the lower neutral fractions and heat losses of 
solid-tungsten ionizers would even justify a return to 
the reverse-feed concept previously inve~tigated.’~-’~ If 
the neutral czesium were introduced close to the ionizer, 
as indicated in Fig. 26, the charge exchange would be 
substantially restricted to the “safe” region near the 
ionizer. 

Propellent feed 

+---- I‘ I 

FIG. 26. Hypothetical design for reverse-feed contact-ionization 
thrustor. 

VI. COLLOIDAL-PARTICLE THRUSTORS 
Complete colloidal-particle thrustors do not exist at 

present. Devices have been operated in which colloidal 
particles are generated, charged, and accelerated ; but 
these are only preliminary experiments and do not qualify 
as thrustors. The purpose of this section is to review 
and evaluate experimental work on potential colloidal- 
particle thrustor components, 
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Method 

Ion nucleation . . . .  . .  
Preformed (agglomerated) solid . . 
Liquid drops from sprays . . 

The motivation for colloidal-particle research is similar 
to that for heavy molecules. By increasing the particly 
mass, the ratio of kinetic energy to charging energe 
should increase at any given exhaust velocity, thus raising 
the efficiency. This increase in efficiency is most needed 
in the lower range of specific impulses, so the generation 
of particles should be examined with a view to their use 
at these lower values. A number of particle generation 
schemes are now being investigatcd. The minimum 
mean mass-to-charge ratio m/q that has been obtained 
experimentally with each of these methods is given in 
Table I. 

TABLE I .  

Minimum 
mean m/q, 

amu/Ze 

1,400,000 
950,000 
480,000 

14,000,000 
700,000 
100,000 

Reference 

73 
74 

75,76 
71,78 

79 
80,81 

If a specific impulse of 5000 sec. with a net accelerating 
potential difference less than 100 kV. is considered, 
then the maximum usable m/q should be about 8000 
amu/Ze. Even if the potential difference were raised 
to lo6 V. the maximum usable m1q would be below the 
values shown in the preceding table. Although work in 
this field has been going on for several years, the total 
research effort has been small. 

Research is continuing on each of the above methods 
in an effort to provide the proper m/q range with good 
utilization efficiency. 

1. ION NUCLEATION 

In the ion-nucleation method73 a supersaturated vapour 
stream is partly ionized. The ions are intended to be 
condensation nuclei. By applying a retarding electric 
field, the nuclei are slowed down to provide enough time 
for particle growth. Charged particles with a large 
enough mlq would pass over the retarding potential 
difference, so that a supply of particles with uniform 
m/q would result. This method is still in the basic 
research stage. 

2. PREFORMED PARTICLES 

Preformed solid particles with a mean size of 70 A. 
have been gravity fed through ducts to an electron- 
bombardment ionization chamber, ionized, acclerated, 
and analyzed for chargelmass d i ~ t r i b u t i o n . ~ ~  The 
particles were initially agglomerated and remain partly 
agglomerated through the charging process. However, 
the masslcharge ratio was only about a decade too high, 
so this experiment provides some evidence that the use 
of preformed solid particles might be possible, 

3. ELECTRIC SPRAYING 

A major share of the colloidal-particle-thrustor re- 
search has been devoted to particle generation and 
simultaneous charging of electrically sprayed liquid 
droplets. The drops are formed and charged at sharp 
hollow needle  point^^^-'^ or at a sharp edge of a spinning 
cups2 with a high electric field at the point or edge. 
Drop formation occurs by a combination of fluid in- 
stability and d ie lec t roph~res is .~~*~~ Charging occurs at 
the instant of separation from the tip by charge transfer. 

The electric field strength must be high at  the tip in 
order to obtain small drop sizes. If the field strength 
is too high, a glow discharge occurs that generates a 
large ion current. This ion current may cause a serious 
power loss in the acclerator. Recent experiments have 
shown that the electric spraying process may be 

At first, the liquid tip is sharp, and small 
charged drops are emitted. Then the liquid tip builds 
up and a very large charged drop is emitted accompanied 
by many ions. These sequences are sporadically 
repetitive. These data also show a very wide range 
of mlq. 

The high-speed photomicrographic data77 indicate that 
if the liquid is conducting, the electric field penetrates 
the bulging liquid drop at  the tip, preventing the forma- 
tion of small drops. If the liquid is nonconducting, the 
high field strength is preserved, but a finite time is 
required to accumulate a charge in the “liquid tip.” 
This low rate of charge accumulation limits the mass 
flow rate of liquid from each hollow needle. For 
example, a maximum of 1 PA. per needle has been 

If the net accelerating voltage were lo6 V., 
there would be 1 W. of thrustor exhaust power per needle. 
From the preceding sections it is evident that an exhaust 
power desity of 100 kW.m.-2 is required in order to be 
comparable in size with the existing electron-bombard- 
ment thrustor at  5000 sec. At an exhaust power density 
of 100 kW.m.-2, lo5 needles would be required per square 
metre. The needle spacing would be 3 mm. It seems 
reasonable to expect that such a needle density would 
lower the electric field strength at each needle tip, 
perhaps below that required for electric spraying. 

The charge-accumulation limit also appears pertinent 
to the surface-condensation scheme. In fact, the litera- 
ture does not contain even approximate analyses to 
demonstrate that the electric-spraying or surface- 
condensation schemes might be useful in real electro- 
static thrustors. 

, 

, 

4. VAPOUR CONDENSATION 

To date, the vapour-condensation method has not 
only produced values of m/q approaching the range of 
interest for propulsionso but has also been incorporated 
in a laboratory device that has produced a substantial 
thrust.81 In this method of particle generation, a super- 
saturated vapour enters a condensation shock wave where 
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particle nucleation occurs. Subsequent growth is con- 
trolled by the flow conditions. The colloidal particles 
are then charged by electron attachment in a glow dis- 
charge. Particle size distributions have been measured 
for a number of propellents, such as AlCl,, HgCl, and 
HgCl. Ion currents have not been observed. The 
fraction of total propellent that is converted into col- 
loidal particles has yet to be determined. 

The vapour-condensation methodsOlal is being investi- 
gated at Lenis in apparatus reseinbling a real thrustor. 
The past experiments have been made with a 50,000-V. 
power supply, but a 150,000-V. facility is now available, 
and a 400,000-V. facility is under construction. With 
such high-voltage power available, a grcatly improved 
evaluation of this thrustor concept will be possible. 

Quadrupole and monopole massenfilters (mass spectro- 
meters) are being developed at Lewis for measurement 
of particle mass charge in the exhaust beam from experi- 
mental thrustors. With measurements of particle mass/ 
charge, thrust, beam current, particle size and total 
propellent mass flow rate, it is expected that an accurate 
determination of propellent utilization can be made. 

Fundamental studies of particle nucleation and growth 
are being made at Lewis. It is hoped that such studies 
will aid in the design of particle generator nozzles that 
will provide particles with a mass of less than 100,000 amu 
and with the narrow size distribution, which is necessary 
for good accelerator efficiency. In addition to the elec- 
tron-attachment method of particle charging, several 
other methods are under investigation, which include 
electron bombardment, field emission and photo- 
ionization. 

VII. CONCLUDING REMARKS 

With the exception of the cathode, the electron- 
bombardment inrustor is capable of durabiiities required 
for interplanetary round-trip missions. Experimental 
results from recent cathode tests indicate that alkaline- 
earth carbonate coatings may provide adequate dura- 
bility at acceptable heater-power levels. It is also 
expected that the autocathode version of the electron- 
bombardment thrustor will have adequate durability. 
It is difficult to foresee any substantial improvement in 
the efficiency of the electron-bombardment thrustor. 
Although serious payload losses would be incurred with 
the electron-bombardment thrustor, it could be used for 
most electric-propulsion missions in its present form. 

The ionizer in the contact-ionization thrustor is not 
adequate at  present because of the inability to produce 
porous tungsten with sufficiently low neutral-atom loss 
and simultaneously to prevent unacceptable in-flight- 
sintering rates. Because of the high neutral-atom loss 
from porous tungsten ionizers, charge-exchange ion 
erosion of electrodes places a severe limit on contact- 
ionization thrustor efficiency, particularly in the lower 
range of specific impulse. The problems of porous 
tungsten ionizers-unless modified by substantial 

improvements in technology-are formidable enough to 
prevent the use of contact-ionization thrustors for 
primary propulsions. 

Colloidal-particle thrustors do not exist at  present. 
With the exception of the vapour-condensation method, 
existing methods of colloidal-particle generation produce 
particles with much too high a mass/charge ratio. At 
present, the vapour-condensation method would require 
accelerator voltages of 400,000 V. to obtain a specific 
impulse of 3000 sec., which is near the lowest value of 
interest. Not enough is known at present to predict 
accurately the ultimate performance of the colloidal- 
particle thrustor. 

Comparisons between electrostatic, electrothermal and 
electromagnetic (plasma) thrustors have been avoided. 
Mission analyses show that the specific impulse of 
electrothermal thrustors is well below the range of 
interest for interplanetary missions. Existing plasma 
thrustors have unacceptably low efficiencies, and there 
is no concrete evidence at present on which to base 
estimates of future performance. 

The development of moderately efficient thrustors, 
with excellent prospects of reaching desired lifetimes with 
further work, has served to highlight the shortcomings of 
electric propulsion as a system. The need for efficient, 
lightweight, reliable electric power sources and power- 
conversion equipment is particularly obvious. 
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